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In this study, new thermotolerant Acetobacter pasteurianus CV01 strain recently isolated 54 
from local product of Morocco has been investigated for its ability to perform efficient 55 
acetous fermentation at a large-scale. Firstly, the thermotolerance basis bioconversion of 56 
CV01 strain was compared to other mesophilic and thermotolerant acetic acid bacteria. 57 
Subsequently, CV01 strain was assessed for its ability to produce and tolerate high amount of 58 
acetic acid at optimal and thermal stress conditions in lab-scale bioreactor. It was found that 59 
the studied strain exhibited thermotolerant properties compared to reference strains and could 60 
withstand the increase in temperature during acetous fermentation in fermenter. Furthermore, 61 
gas chromatography-mass spectrometry (GC-MS) was used on the samples prepared with 62 
solid phase microextraction (SPME) to determine the volatile compounds of the pilot plant 63 
produced apple vinegar based on developed start-up and semi-continuous fermentation 64 
protocol. The operation strategy in the 500-L pilot plant scale acetator allowed achieving 65 
7.3% (w/v) of final acetic acid concentration recording high yield and acetification rate. The 66 
aroma profile of experimentally produced vinegar was found different from that of the 67 
commercial reference one. According to the literature, the results obtained show that major 68 
volatile compounds found in pilot-plant produced apple vinegar are related to good aromatic 69 
note descriptors which could have a positive impact on the organoleptic quality of industrial 70 
vinegar. Consequently, it can be concluded that CV01 Acetobacter strain is well suited for 71 
large-scale production of high quality fruit vinegar. 72 
 73 
1. Introduction  74 
Vinegar may be defined as a sour liquid consisting mainly of acetic acid and water. It is 75 
generally used as a condiment and preservative. 
1
 It is obtained by acetous fermentation from 76 





 The microorganisms involved in the elaboration of vinegars are mainly yeasts 78 
and acetic acid bacteria (AAB). The former being responsible for the alcoholic fermentation, 79 
and the latter is needed for the acetification process. 
2
 The conversion of ethanol to acetic acid 80 
for the production of vinegar is the most well-known application of AAB strains. 81 
The biological fruit vinegar resulting of the double fermentation process - alcoholic and acetic 82 
- has a nutritional benefit compared to synthetic vinegar since it provides, inter alia, the 83 
essential minerals and amino-acids. These are originating from the starting fruit, used for the 84 
fermentation, and from the bioconversion reactions. In addition, it has been proved  that 85 
vinegar has a significant therapeutic activities used in traditional medicine. 
3
 Industrially, the 86 
typical operation mode in submerged cultures is the semi-continuous one. 
4
 Once the desired 87 
acidity is reached by the first fermentation cycle, a percentage of the working volume of the 88 
bioreactor is discharged and then replaced by an identical volume of the fresh fermenting 89 
medium to begin a new cycle. 
5
 90 
According to the literature, the final aroma and organoleptic qualities of vinegars depend 91 
essentially on the raw material employed and on the fermentation process used. 
6–8
 The flavor 92 
or aroma is certainly one of the most determinants of food quality and acceptance of 93 
commercial vinegar. 
8
 Indeed, the aroma profile of vinegar is the result of high quantities of 94 
distinguishing volatile compounds including acetic acid. 
9
 The aroma compounds in fruit 95 
vinegars have interested many researchers over the past 30 years. However, less information 96 
is available on the aroma chemistry of apple cider vinegar. 
10
  97 
The strategies to measure odor compounds in vinegars can be divided into three main types; 98 
sensory analysis, chemical analysis, and electronic nose. Although the most popular chemical 99 
analysis method for vinegars is gas chromatography-mass spectrometry (GC-MS). 
11
 The 100 
solid-phase micro-extraction / gas chromatography-mass spectrometry (SPME/ GC-MS) 101 
provide more distinct patterns on their volatile compounds, which might be a potential tool in 102 
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determining the volatile profiles of vinegars. 
8,12
 Moreover, odor-active compounds can be 103 
analysed by chromatography-olfactometry (GC-O). 
13
  104 
Morocco has a rich tradition in biotechnology. Many traditional foods of animal and 105 
vegetable origin are still widely consumed and highly appreciated. 
14
 As a consequence of the 106 
implementation of the Green Morocco Plan, the request of regional products and their 107 
derivatives is clearly increasing during the last decade. Indeed, the Moroccan consumer 108 
becomes aware of what he eats with regard to the health safety, and claims more and more for 109 
high quality products that meet sanitary and environmental standards.  110 
From another point of view, apple vinegar remains alongside other fruit vinegars (dates, 111 
cactus, etc.) the best known type of traditional fruit vinegar in Morocco. Until nowadays, 112 
vinegar is often produced traditionally through spontaneous fermentation processes conducted 113 
in most cases on degraded fruit, and resulting in a final product that may present a risk to the 114 
consumer. Fernández-Cruz et al. had shown that such spontaneous fermentation process may 115 
be associated with a production of mycotoxins. 
15
 The presence of these compounds in food is 116 
of high concern for human health due to their properties to induce severe toxicity effects at 117 
low dose levels. 118 
The cultivation of apple fruit in Morocco is of a significant socio-economic interest with an 119 
area of around 27,000 ha. 
16
 According to Moroccan Ministry of Agriculture and Maritime 120 
Fisheries (2014), the annual average of the production of apple fruit is estimated at 500,000 121 
tons/year. However, the orchards are generally conducted with a limited number of cultivars 122 
which include Golden Delicious as one of the most important varieties with respect to 123 
commercial perspective. 
16
 Industrial processing of low commercial quality apples to vinegar 124 
could contribute significantly to the development of foods with high added value in the local 125 
market. On the other hand, dates and cactus constitute another field that can be transformed 126 
by biotechnological techniques. Furthermore, 20 to 30% of annual production of these 127 
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products do not fit with quality standards since they are damaged by insects or have a 128 
commercial quality failures. This situation brings down the farmers' incomes and their 129 
standards of living since in the best cases, this category of substandard foods is used as 130 
livestock feed. 
17
 The valuation of these low-quality fruits is therefore essential. 131 
During acetous fermentation, AAB are facing different potentially harmful envi ronmental 132 
stress factors (temperature, pH, concentration of acetic acid and ethanol, etc.). 
18
 Therefore, 133 
the selection of thermotolerant AAB strains performing efficient oxidative fermentation could 134 
be appropriate for vinegar production in hot countries like Morocco due to the reduction of 135 
cooling water expenses. 136 
The first part of the present study aimed to evaluate the ability of CV01 Acetobacter 137 
pasteurianus strain, isolated from Moroccan cactus to perform acetous fermentation in a pilot 138 
plant-scale bioreactor. This strain was selected for its thermotolerant properties and for its 139 
high acetic acid production capacity. 
19
 On the other hand, this study aimed also to perform a 140 
comparative chemical and sensory analysis between the produced vinegar (using selected 141 
strains in pilot plant-scale bioreactor) and common ones manufactured in a traditional manner 142 
available in local market. For this purpose, Headspace solid-phase micro-extraction (HS-143 
SPME) technique was used for analyzing aromatic compounds in vinegars. 
12
  144 
2. Material and methods 145 
2.1. Microorganisms, culture media and samples 146 
The yeast strain used to perform alcoholic fermentation throughout this work was 147 
Saccharomyces cerevisiae YS-DN1. This strain was isolated from Bouslikhene date cultivar 148 
(South East of Morocco) and extensively studied in an earlier work. 
20
 On the other hand, 149 
AF01 and CV01 AAB strains, which were isolated from apple and cactus fruits, respectively 150 
in a previous study, 
19
 were used to catalyze oxidative fermentation on alcoholic fruit musts. 151 
The two bacteria were confirmed to be closely related to A. pasteurianus species. 
19
  152 
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The selected AAB strains were studied based on thermotolerance properties by comparison to 153 
other thermotolerant and mesophilic AAB. The wild-type strains used in comparative study 154 
were obtained from the Laboratory of Microbiology of Gent (Belgium) (A. senegalensis LMG 155 
23690
T
, A. pasteurianus LMG 1632 and LMG 1607, and A. cerevisiae LMG 1625). 156 
A modified yeast extract-peptone-dextrose (YPD) medium was used for the cultivation and 157 
maintenance of the S. cerevisiae cultures. It was consisted (g/L) of yeast extract, 5; peptone, 158 
10; glucose, 20; and agar, 20. While for AAB strains, they were subcultured in GYEA 159 
medium composed of 20 g/L glucose, 5 g/L yeast extract, 3% (w/v) ethanol, 1% (w/v) acetic 160 
acid, 0.5 g/L MgSO4, 1 g/L K2HPO4, 1 g/L (NH4)2HPO4 and 15g/L agar. 
19
 For long-term 161 
preservation of cells, the grown colonies were harvested in 40 % glycerol and subsequently 162 
stored in cryovials at -80 °C. 163 
Vinegar samples of different sources (apple and date), representing the common types of 164 
available vinegars, were purchased from retail trade in different regions of Morocco. These 165 
samples were collected so that to perform a comparative sensory analysis with the 166 
experimentally produced vinegar using selected strains.   167 
2.2. Plant material and juice preparation 168 
The fruit juice on which the experiment was carried out was obtained from apple fruit (Malus 169 
domestica) of the Golden Delicious variety procured in Midelt (Middle Atlas of Morocco). 170 
The choice has been made on small size and fresh seasonal fruit (5-7cm diameter) so as to 171 
facilitate the mashing. Apples were harvested from production site and processed directly to 172 
prevent alteration. 173 
Thus, 750.5 kg of the Golden Delicious apple variety were recovered during the picking 174 
season (September-October) and transported immediately to the laboratory. It is noteworthy 175 
to mention that apples are highly perishable because of their water and sugar content, and 176 
need to be processed very quickly. 
21
 This is essential to prevent the growth of pathogenic 177 
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microorganisms and to ensure a final product of high quality.  Therefore, apples were first 178 
cleaned up by removing the leaves, branches and any foreign matter, and then they were 179 
washed by tape water and drained on a grid dripping. The mashing process was performed 180 
using a stainless steel electric grinder. The crushed is then pressed using a hydraulic press 181 
using wooden grids and a micro-porous fabric that blocks the cake while letting the juice pass 182 
through.  183 
Bouslikhene variety (Errachidia, Morocco) were used for the preparation of date juice. The 184 
preparation was carried out according to dipping method inspired from Nancib et al. (2001). 185 
The extraction has been performed at 65 °C for a total duration of 2 hours. 
22
 Once the dates 186 
were washed, pitted and cut, 3 liters of distilled water were added for each kilogram of dates 187 
weighed. The date-water mixture was maintained, with continuous stirring, at the treatment 188 
temperature using a water bath. The mixture was then filtered through a filter cloth to obtain 189 
clear juice. 190 
The obtained juice samples were then placed in 120 liters plastic barrels and cold stored at 4 191 
°C. Samples were subjected to analysis of total and reducing sugars, pH and Bx° content. 192 
2.3. Alcoholic fermentation 193 
Alcoholic fermentation was carried out in 120 L HDPE plastic barrels. The inoculum of the 194 
ethanol-producing S. cerevisiae YS-DN1 strain was prepared from 40% glycerol cryovial 195 
seed cultures. Five 1.8 ml cryovial seed cultures were used to inoculate 1000 ml of sterile 196 
modified YPD liquid medium taken in 5L flask. Flasks were then grown on a rotary shaker at 197 
30°C for 36 hours. This inoculum was used as a starter of alcoholic fermentation occurred in 198 
barrels. The barrels were closed aseptically using parafilm and the lids were equipped with a 199 
plastic pipes which allow extra gas drainage. As a general criterion, alcoholic fermentation 200 
was considered to have finished when the total sugar had been consumed (<2 g/L), 
23
 and 201 
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when the ethanol concentration stops to increase. The fermentation in barrels was carried out 202 
at room temperature (23 ± 3 ° C) under static condition for 2 weeks in the laboratory. 203 
2.4. Evaluation of thermotolerance and bioconversion abilities of the selected AAB 204 
strains 205 
This part of the study aimed to evaluate the ability of the selected Acetobacter strains to 206 
perform acetous fermentation both at mesophilic and thermotolerant temperatures. To assess 207 
the thermotolerance ability of CV01 and AF01 strains, they were compared to other wild-type 208 
thermotolerant and mesophilic strains (see below) by measuring the production of acetic acid 209 
at increasing temperatures (30, 34, 38 and 41°C). Cultures were performed in 500ml flasks 210 
containing 100 ml of GYEA/Mg
2+
 medium. The flasks were inoculated with fresh colonies 211 
and incubated simultaneously in triplicate under agitation at different temperatures. 212 
2.5. Acetification process at high temperature 213 
To evaluate the ability of tested strain to withstand the increase in temperature during acetous 214 
fermentation in fermenter, CV01 was cultured in 6-L scaled bioreactor (INFORS, France) 215 
under the following conditions: temperature 30°, pH 5.5, agitation 500 rpm, and aeration 216 
1VVM. The experiment was conducted for a first time keeping the temperature constant at 30 217 
°C (temperature control system on) and for a second time switching of the temperature 218 
control cooling system. Produced acetic acid and residual ethanol along with optical density 219 
(540nm) were determined at regular intervals during fermentation. 220 
2.6. Pilot plant-scale production and start-up protocol 221 
The pilot plant-scale fermentation, made on fruit must, was performed in a 500 L pilot-plant 222 
acetifier (PASTO GILSON, France) using the selected endogenous CV01 A. pasteurianus 223 
strain. The equipment has a working volume of 300 L and consisted basically of a stainless 224 
steel cylinder reactor with 0.88 m internal diameter and 1.96 m height. The acetifier was 225 
provided by an integrated cooling system connected to the cylinder reactor allowing; 1) the 226 
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circulation of the outlet gas stream containing the most volatile compound into the fermenter, 227 
and 2) control of the optimum temperature of operation (30-31°C), 
24
 settled by an internal 228 
heat exchanger connected to the cooling system. The aeration was settled at 20 l/min.  229 
The fermentation was carried out in semi-continuous type; 
4
 each time the environment is 230 
impoverished in ethanol, new fresh medium is added into the reactor. During the 231 
fermentation, the following elements have been followed: titratable acidity, ethanol, pH, 232 
optical density and total bacteria. 233 
Beforehand of main fermentation carried out in 500 L acetifier, 5 liters preculture was 234 
prepared in 6-L lab-scale bioreactor (INFORS, France) using juice and conditions were as 235 
described above. The preculture medium was inoculated by 36-h cell culture grown on plates. 236 
The preculture containing active cells at their exponential phase (OD540nm = 0.2-0.4) was then 237 
transferred aseptically to the acetifier.  238 
The operation on the semi-continuous acetifier was initiated with a small amount of a starting 239 
culture (60 L of a medium with a high number of viable cells in their exponential growth 240 
phase), then, a progressive ﬁlling-up of the reactor was carried out, up to its ﬁnal working 241 
volume (Figure 1). Even though the proposed optimum values for acetic acid and ethanol 242 
concentrations in the literature are very low (10 and 6 g/l, respectively), 
25,26
 it was more 243 
suitable to use higher concentrations of these activators-inhibitors factors in order to 244 
reproduce the usual industrial conditions. The proposed operation procedure have been 245 
designed according to the ethanol and acetic acid concentrations at the beginning and the end 246 
of every single stage concerning the start-up and the main fermentation cycles (Figure 1). The 247 
starting concentrations of acetic acid and ethanol were fixed at 5% (v/v) and 1% (w/v), 248 
respectively. These values were chosen based on a previous optimization of medium 249 
composition study. 
20
              250 
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2.7. Analytical methods 251 
- Titratable acidity was determined by titration using 0.5M sodium hydroxide and 252 
phenolphthalein as indicator. 253 
- For routine measurements, the ethanol content was calculated by two ways: For values 254 
ranged from 0 to 3% (v/v), a densimetric method (METTLER TOLEDO, France) was used 255 
after water-distillation of samples; whereas, electric ebulliometer (ALLA, France) was used 256 
to analyze samples containing over 3% (v/v) ethanol. 257 
- Total acetic acid content and the rest of glucose and ethanol in the fermenting  must and 258 
final vinegar samples were determined by high performance liquid chromatography (HPLC) 259 
as described by Mounir et al. 
20
 Briefly, culture samples were collected and centrifuged at 260 
13000 rpm for 10 min and the supernatants were filtered through a 0.2 µm cellulose acetate 261 
membrane (Sartorius Minisart). The HPLC analyses for glucose, ethanol, acetate and 262 
gluconate were performed using an Agilent 1110 series HPLC equipped with a Supelcogel 263 
C610H column preceded by a Supelguard H precolumn (oven temperature 40 °C) and a 264 
differential refraction index detector (RID, detection cell maintained at 35°C). An isocratic 265 
mobile phase consisting of 0.1 % H3PO4 (in MilliQ water) was used at a flow rate of 0.5 266 
mL/min. The method lasted for 35 min at a maximum pressure of 60 bars. 267 
- Total biomass (UFC/ml) was determined by counting in an optical microscope using double 268 
ruling Bürker chamber. 269 
2.8. Aroma profile 270 
A headspace solid-phase microextraction (HS-SPME) was used for analyzing aromatic 271 
compounds in produced vinegars. The objective was to highlight if was there a difference in 272 
aroma compounds composition between homemade vinegars recovered from the local market 273 
and the pilot-plant produced vinegars using selected bacteria.  274 
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The extraction of aroma was performed according to procedure proposed by Natera Marı́n et 275 
al. (2002) and Jo et al. (2013).
8,12
 Thus, for each analysis, a volume of 15 ml of sample 276 
(commercial or experimental) was pipetted and placed into a 50 mL glass vial with 6.14 g of 277 
NaCl. Then, the sample was spiked with 50 ml of 4-methyl-2-pentanol solution (2.27 g/l in 278 
Milli-Q water containing 80g/L acetic acid). The vial was capped with a PTFE-faced silicone 279 
septum and placed in a thermostated stirring block for 5 min at 70°C. After that, the 280 
Carboxen–polydi-methylsiloxane fiber (CAR–PDMS 75 mm, Supelco-USA) was exposed for 281 
60 min to the headspace of the sample. Thereafter, the SPME fiber was inserted into the 282 
injector of the GC-MS system (Agilent 6890, CA, USA), and the injection was lasted 2 min at 283 
250°C.  284 
The GC system is equipped with a DB-WAX capillary column (Agilent J&W CP9205, CA, 285 
USA) with the following dimensions:  30 m length x 0.25 mm I.D., and 0.25 µm film 286 
thickness. Helium (1mL/min) were used as carrier gas and the detector temperature was fixed 287 
at 250°C. The oven temperature was programmed as follows: kept at 35°C for 10 min, 288 
ramped at 5°C/min to 100°C, increased at 3°C/min to 210°C and held for 10 min. The MS 289 
source and quadrupole temperatures were set at 250 and 150°C, respectively. Identification of 290 
aromatic compounds was made by matching mass spectra of unknown with those of Wiley 291 
6.0 MS Library with a minimum of 90% of correspondence. The relative peak areas were 292 
determined in relation to that of 4-methyl-2-pentanol, the internal standard. In addition, 293 
Linear Retention Indices (LRIs) of unknown compounds were  calculated in accordance with 294 
a modified Kovats method by means of retention times of adjacently eluting n-alkanes (van 295 
Den Dool & Dec Kratz, 1963). Identification of aromatic compounds has been performed 296 





3. Results and discussion  298 
3.1. Extraction of fruit juices 299 
A volume of 510 liters of apple juice was obtained after pressing 750.5 kg of fruit performing 300 
a yield of 0.68 L/Kg. On the other hand, a quantity of 100 kg of dates was pressed, and a 301 
volume of juice of 231 liters were recovered with an extraction yield of 2.31 L/Kg. It is 302 
essential to point out that in the case of dates, water was added to facilitate diffusion of 303 
soluble compounds and aroma. 
29
 Extraction was carried out at high temperature (60 °C), 304 
which allows a blanching of produced juice, enzymatic inactivation and destruction of the 305 
most part of pathogens and spoilage in it. The physico-chemical composition of the produced 306 
juices is given in Table 1. 307 
3.2. Alcoholic fermentation 308 
The alcoholic fermentation was carried out in HDPE barrels at room temperature (23 ± 3 ° C) 309 
under static condition for 2 weeks. Physico-chemical characterization of fruit juices revealed 310 
that reducing sugars content in apple juice (8.2 g/L) is higher compared to that in date juice 311 
(5.8 g/L) (Table 1). As a result, the final ethanol concentration obtained after 2 weeks of 312 
fermentation on apple and date juices was about 8% v/v and 7.8 % v/v respectively (Figure 313 
2). Although, as it can be seen in Figure 2, it is noteworthy to mention that S. cerevisiae YS-314 
DN1 took less time to transform available fermenting sugars in the case of apple fermentation 315 
process compared to that of date one (8 days against 12 days for apple and date respectively) 316 
(Figure 2). This can be explained by the fact that apple juice recorded a starting pH of 3.86. 317 
This acidic pH value gives an optimal environment for the development of Saccharomyces 318 
cerevisiae.   319 
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3.3. Evaluation of thermotolerance and bioconversion abilities of the selected AAB 320 
strains 321 
16S rRNA sequences of CV01 and AF01, the two Acetobacter pasteurianus strains isolated 322 
from cactus and apple vinegar, were registered in GenBank database under the accession 323 
numbers of KU710511 and KU710512 respectively .
19,20
 In this part of the study, these two 324 
strains were investigated for their ability to produce high amount of acetic acid at increasing 325 
temperature. Figure 3 illustrate the oxidation capacity of tested strains compared on the 326 
thermotolerance basis to wild-type mesophilic and thermotolerant AAB strains at a range of 327 
temperature from 30 to 41°C. 328 
Figure 3 shows that CV01 and AF01 exhibited beside A. senegalensis high oxidative capacity 329 
at a temperature ranging from 30 to 38°C. At 41°C, CV01 strain and the thermotolerant A. 330 
senegalensis reference strain remained the only ones that could keep good bioconversion 331 
activity with a final acetic acid concentration of around 33 g/L, while AF01 seems to be 332 
affected by temperature higher than 38°C. In the other hand, the wild mesophilic reference 333 
strains showed an optimum bioconversion at 30°C and no acetate production ability was 334 
observed beyond 34°C. The results revealed clearly that the use of CV01 strain is suited for 335 
industrial acetic fermentation at high temperature since it could grow and keep high level of 336 
acetate production under thermal stress. Consequently, optimizing the production of CV01 337 
biomass deserves to be studied. 338 
3.4. Lab-scale acetification at high temperature 339 
A batch fermentation was performed for the selected thermotolerant strain CV01 in a 6 L 340 
Lab-fermenter (INFORS, France) in order to evaluate its ability to cope with the increase in 341 
temperature caused by heat release during fermentation. Figure 4 shows the batch profile of 342 
CV01 Acetobacter strain in a lab-bioreactor keeping the temperature constant at 30 °C 343 
(Figure 4A) and switching-of the temperature control cooling system (Figure 4B). The 344 
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variation of experimental values of produced biomass, acetic acid and residual ethanol are 345 
given versus time (hours). As it can be seen in Figure 4A, after a short adaptation time, the 346 
ethanol concentration started to decrease and that of acetic acid to increase, and they reached 347 
the final concentration of 4.09 and 42.27 g/L for residual ethanol and acetic acid, 348 
respectively. On the other hand, bacterial biomass concentration increased slightly at the 349 
beginning of fermentation, then exponentially after 15 hours. Bacterial biomass concentration 350 
reached a maximum level of 2.294 g/L after 80 hours of fermentation. In the other hand, 351 
CV01 strain was investigated for its capacity to withstand thermal stress when switching of 352 
the temperature control cooling system (Figure 4B). Such figure shows experimental behavior 353 
of tested strain as a comparison with normal conditions given in Figure 4A.  As it can be 354 
seen, obviously, the temperature started to increase after 20 hours culture when cells have 355 
reached the exponential phase. The temperature reached its maximum value (36.47°C) at the 356 
end of exponential phase. Interestingly, despite the increase in temperature, the overall pace 357 
of cell growth was not affected. The average values of the final biomass and acetate 358 
concentrations were 2.17 and 38.09 g/L, respectively, slightly lower than those observed in 359 
the first optimal experiment. These results agree well with the thermotolerance properties 360 
revealed for CV01 bacterium. Consequently, the physiological potentialities of CV01 A. 361 
pasteurianus KU710511 could largely be appropriate for a sustainable development of 362 
vinegar production in warm countries like Morocco.      363 
3.5. Acetous fermentation in 500-L pilot-plan acetifier  364 
The production of fruit vinegar (apple and date) at a pilot-plant scale was carried out in a 500-365 
L acetator (PASTO GILSON, France). The product of the 6-L lab-scale bioreactor, obtained 366 
using the selected CV01 thermotolerant strain, was used as a preculture.  Figure 5 shows the 367 
evolution of the acetous parameters (produced acetate, residual ethanol, pH, optical density 368 
and number of cells) for a semi-continuous fermentation process carried out in a 500 L 369 
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acetator for a period of 7 days using alcoholic apple must. After the initial mixing of 370 
inoculum and fresh fruit must (time=0h), no lag phase marked by no signiﬁcant acid 371 
production was observed (Figure 5). This was due to the sudden adaptation of bacterial 372 
population to the new environment by synthesizing the required enzymes for substrate 373 
degradation. 
30
 The raison might be also related to the improvement of the volumetric oxygen 374 
transfer coefficient (KLa) in the bioreactor (better aeration and circulation systems). 375 
The semi-continuous operation of the adopted protocol shown in Figure 1 can be described by 376 
the following three mean phases:  377 
- Phase 1: (beginning of the 1
st
 stage): 40 L of alcoholic fruit must (E=7.4%) was inoculated 378 
with 6 L of the preculture taken in its exponential phase obtained from the Lab-scale 379 
bioreactor. Water and pure acetic acid were added to arrive at a step volume of 60 L (E=5%; 380 
A=1). 381 
- Phase 2: a partial filling-up with a fresh medium (30 L and then 60 L) is added into the 382 
reactor to arrive at a final working volume of 300 L.  383 
- Phase 3: The operation continues in successive stages at a working volume (300 L) by 384 
adding 100 L of fresh medium and extracting 100 L of vinegar each time the desired acidity 385 
and final ethanol concentration are reached.  386 
In the proposed protocol (see details in material and methods section) it is clearly stated that 387 
the main interest lies in achieving values of acetic acid concentration that changes between 388 
10 and 35 g/l, and ethanol concentrations between 30 and 50 g/l, an immediate biomass 389 
growth with instant formation of fermentation product is observed. The details of the 390 
evolution of the concentrations of substrate (ethanol), product (fruit vinegar) and the 391 
stoichiometric yield during start-up phase and in every cycle of the semi continuous process 392 
are depicted in Table 2. The stoichiometric yields have been calculated as the moles of acetic 393 
acid produced per mole of ethanol consumed during the fermentation time. 394 
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The results shown in Figure 5 and Table 2 indicate that immediately after inoculation, the 395 
CV01 Acetobacter strain begun to grow and oxidize ethanol to acetate. In fact, it is usually 396 
stated that Acetobacter strains used in industrial production of vinegar presented a lag phase 397 
in the first hours and after replacement with fresh wine. 
4,5
 The start-up operation lasted about 398 
45 hours and was characterized by a stoichiometric yield of about 80% and by an instable 399 
acetification rate. This can be explained by the change in metabolic pathways of bacteria to 400 
adapt to the new environment 
30
. The working volume (300 L) has been reached by doubling 401 
the volume of the last step of the starting operation. This resulted in a significant decrease of 402 
the stoichiometric yield. After that, cells entered the exponential growth phase witch has 403 
lasted until the end of the second cycle of the semi-continuous fermentation. As it can be 404 
seen, there is a high acidic production and a significant decrease of ethanol concentration 405 
until the end of the fermentation cycles. The high stoichiometric yield (100%) and 406 
acetification rate (0.12%) have been observed during the second cycle, which corresponds to 407 
the log phase of bacterial growth. The progressive increasing of the rate during this phase 408 
could be explained by the synthesis of new enzymes from metabolic pathways useful for the 409 
fermentation ability. 
5
 A stationary phase was observed from the 3
rd
 cycle and a death phase 410 
of growth was observed at the middle of the 5
th
 cycle when the high acetic acid 411 
concentrations were obtained (7.3% (m/v)).  412 
In general, it is state of the art that, during acetous fermentation, 1%v/v ethanol allow to 413 
obtain 1%w/v acetic acid 
31
. Thus, the observed deviations of calculated yields can be 414 
explained by evaporation on substrate or product that can occur during fermentation process. 415 
32
  416 
Finally, the average acetification rate for every cycle, shown in Table 2, expresses the ability 417 
of the strain to produce acetic acid during fermentation process. The starting-up protocol and 418 
the semi-continuous operation allowed to obtain fruit vinegar with high acetic concentration 419 
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(7.3%) and very low amount of residual ethanol (0.01%). Consequently, CV01 A. 420 
pasteurianus strain can be useful for the production of fruit vinegar at a large scale.  421 
3.6. Aroma profile of produced apple vinegar 422 
The aromatic compounds of the pilot-plant produced apple vinegar were analyzed using a 423 
headspace solid-phase microextraction technique (HS-SPME) along with GC-MS analysis. 
8
 424 
The aroma profile of this later was compared to commercial apple vinegar recovered from the 425 
local market of Morocco made generally by traditional methods. The aroma of different 426 
classes of vinegar was previously evaluated by gas chromatography/mass spectrometry (GC-427 
MS) and gas chromatography/olfactometry (GC-O) to identify substances responsible for 428 
aromatic notes associated with the selected descriptors of the typical aroma by Callejón et al. 429 
(2008). 430 
Tables 3 and 4 illustrate the major aromatic compounds identified from peaks depicted in 431 
Figures 6 and 7 by means of masse spectra and retention indices. The general observation that 432 
could be stated according to presented data is the remarkable difference in terms of 433 
substances responsible for aromatic notes associated to each type of analyzed vinegar. On the 434 
basis of aroma intensity (concentration %), Table 3 show that more than 50 % of the aroma 435 
profile of the experimental apple vinegar is composed of cis-3-hexenyl acetate (20%), methyl 436 
3-hydroxy-3-methylbutanoate (17%), 2-Propenyl hexanoate (8.5%), 4-vinylguaiacol (6.4%) 437 
and ethyl heptanoate (6%). The associated aroma descriptors mentioned in the literature of 438 
these molecules indicate that they are generally appreciated.   439 
On the other side, the main representative chemicals associated to the commercial apple 440 
vinegar aroma are depicted in Table 4. As it can be seen, butanoic acid, benzeneethanol, 441 
acetic acid, octanoic acid, hexanoic acid, ethanol and nonanoic acid represent almost 50% of 442 
the aromatic note. Butanoic acid (11.8%), octanoic acid and hexanoic acid (11%) and ethanol 443 
19 
 
(5%) are associated to “rancid”, “sweaty” and “wine” aroma descriptors, respectively. It was 444 
reported that hydroxybenzaldehyde is concentrated during ageing. 
34
 445 
The results of HS-SPME of the two kind of vinegar provide compelling evidence in support 446 
of a difference in their organoleptic quality. It is evident to state that in addition to the nature 447 
of the raw material, fermentation process and microbial species involved in the two stage 448 
fermentation of vinegar are the essential factors that determine the final aroma profile. 449 
Moreover, it was reported that the ethanol content of vinegars is a factor in the final aromatic 450 
richness. 
35
  451 
 452 
4. Conclusions 453 
AAB are strictly aerobic bacteria that have a long history of use in fermentation processes, 454 
and the conversion of ethanol to acetic acid for the production of vinegar is the most well-455 
known application of these bacteria. 
36
 456 
In this study, a selected thermotolerant A. pasteurianus CV01 strain was assessed for its 457 
ability to produce and tolerate high amount of acetic acid at high temperatures (38-41°C) with 458 
comparison to other mesophilic and thermotolerant reference strains. Above all, it seems 459 
pertinent to remember that this strain could withstand the increase in temperature during 460 
acetous fermentation in fermenter. On the other hand, a start-up protocol have been 461 
established to perform semi-continuous acetous fermentation in 500-L pilot plant acetator. 462 
When interpreting the results, it is important to consider that fermentation operation allowed 463 
to obtain a final product with high amount of acetic acid (7.3%w/v) with high acetification 464 
rate. Moreover, the aroma profile of the pilot plant produced apple vinegar was compared to 465 
commercial one using HS-SPME analysis. The obtained results show a richness in well 466 
appreciated aromatic notes recorded for the experimentally produced vinegar. Quantitative 467 
20 
 
analysis of aromatic components and establishment of their correlation with sensory 468 
descriptors are to be considered in future studies.  469 
All things considered, it can be concluded that controlled acetous fermentation using selected 470 
AAB strain allowed to produce more profitably a final product with high amount of acetic 471 
acid characterized with appreciated aroma profile. CV01 A. pasteurianus strain is then well 472 
suited for large-scale production of high quality fruit vinegar in Morocco. 473 
 474 
 475 
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Figure legends 581 
Figure 1. Start-up protocol of the 500 L pilot-plant acetifier. E: ethanol concentration 582 
expressed by % (v/v); A: acetic acid concentration expressed by %(w/v). 583 
Figure 2.  Produced ethanol in apple and date juices at the end of alcoholic fermentation. 584 
Figure 3. The variation in the experimental values of acetic acid concentrations in the 585 
medium (g/L) versus time (hours) of CV01 and AF01 strains compared to A. senegalensis 586 
LMG 23690T, A. pasteurianus LMG 1632 and LMG 1607, and A. cerevisiae LMG 1625. 587 
Cultures were carried out in the same conditions at 30, 34, 38 and 41°C. 588 
Figure 4. Batch fermentation profile of Acetobacter CV01 strain in a 6-L bioreactor at 30 °C 589 
(A), and at thermal stress condition (B). Cultures were carried out using the optimized culture 590 
medium composition. The presented results are the means of two independent replicates. 591 
Figure 5. Evolution of the acetous fermentation parameters carried out in a 500 L acetator for 592 
a period of 7 days. 593 
Figure 6. Chromatogram of experimentally produced apple vinegar analyzed by HS-SPME. 594 
Identification of peaks according to their retention times are given in Table 3. 595 
Figure 7. Chromatogram of commercial apple vinegar used as reference. Identification of 596 
peaks according to their retention times are given in Table 4.  597 
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Tables  598 
Table 1. Physico-chemical characterization of produced juices 599 
Characteristic Apple juice* Date juice* 
pH 3.86±0.06 5.85±0.02 
Brix (%w/w) 13.30±0.23 15.76±0.11 
Titratable acidity° 0.64±0.13 0.36±0.09 
Ash (% w/w) 0.22±0.05 1.45±0.12 
Reducing sugars (g/L) 8.2±0.97 5.8±0.65 
Total sugar 
≠
 12.2±1.45 17.65±1.39 
Total polyphenols 
§
 0.241±0.04 0.353±0.065 
 600 
              * Values are given as mean ± standard deviation (number of repetition = 3); ° g citric acid /100g;        601 
≠  
% w/w dry matter; 
§ 





Table 2. Experimental data of starting-up and semi-continuous fermentation process in 500 L 607 














yield (%) Initial  Final  Initial  Final  
60 L 19 1.1 2.8 1.7 4.95 2.8 2.15 0.09 79.07 
90 L 18 1.9 4.7 2.8 3.55 0.1 3.45 0.16 81.16 
150 L 9 3.75 4.2 0.45 0.8 0.2 0.6 0.05 75.00 
300 L - Cycle 1 18 4.1 5.1 1 2.5 0.25 2.25 0.06 44.44 
300 L - Cycle 2 21 3.9 6.4 2.5 2.4 0.1 2.3 0.12 108.70 
300 L - Cycle 3 10 4.53 5 0.47 1.2 0.2 1 0.05 47.00 
300 L - Cycle 4 17 4.8 5.7 0.9 2.3 0.3 2 0.05 45.00 
300 L - Cycle 5 50 5.1 7.3 2.2 2.4 0.01 2.39 0.04 92.05 
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 LRI Identification Descriptor  
Identification 
basis  
8 3.462 2.437 9 2 5.039 1314 Acetic acid acidic, vinegar MS, LRI, 
10
 





21 1.202 9.988 11 9.683 15.2 1306 2,6-dimethyloctane ND MS
§
 
27 1.228 13.752 11 9.683 15.2 1374 Hexadecane, 2,6,10,14-
tetramethyl 
ND LRI 
30 1.303 15.458 12 15.2 19.066 1307 Isobutyl alcohol ND MS 
32 0.48 15.781 12 15.2 19.066 1315 1,2-dimethyl-benzene ND MS 





66 4.566 25.177 15 25.1 28.145 1303 Propanoic acid vinegar  LRI, 
10
 





104 2.346 34.489 17 31.308 34.554 1398 Benzoic acid ND MS 
106 4.299 35.787 18 34.554 37.806 1338 ethyl 2-hydroxy-3-
methylbutanoate 
floral, fruity MS, LRI, 
10
 
110 4.26 37.571 18 34.554 37.806 1393 methyl octanoate fruity LRI, 
10
 
115 6.415 39.297 19 37.806 41.003 1347 4-vinylguaiacol clove, smoky LRI, 
10
 
119 6.036 41.257 20 41.003 44.092 1310 ethyl heptanoate ND MS, LRI 
123 17.303 42.98 20 41.003 44.092 1364 Methyl 3-hydroxy-3-
methylbutanoate 
floral, fruity Pherobase 
133 8.564 45.828 21 44.092 47.105 1358 2-Propenyl hexanoate ND Pherobase 
144 3.137 48.9 22 47.105 50.015 1362 3-hydroxy-4-phenyl-2-
butanone 
floral, clove MS, LRI 
 611 
RT, retention time; LRI, linear retention indices; ND, not determined; 
*
 number of carbons of n-alkane eluting 612 
immediately before chemical compound; °
, ≠
 respectively retention times of the reference n-alkane hydrocarbons 613 
eluting immediately before and after chemical compound; 
§ 





















 LRI Identification Descriptor  Identification 
basis  
4 7.427 2.624 9 2 5.039 1321 Acetic acid acidic, vinegar MS, LRI 
5 5.034 3.319 9 2 5.039 1343 Ethanol wine MS
§
 
20 2.954 13.234 11 9.683 15.2 1364 2-Hexanol green, grass MS, 
37
 
21 4.285 15.161 11 9.683 15.2 1399 Iso amyl alcohol ND MS, LRI 
29 1.392 18.566 12 15.2 19.066 1387 Dodecamethylcyclohexasi
loxane 
ND MS, LRI 
35 2.62 20.522 13 19.066 22.215 1346 1-Hexanol green, grass MS, 
37
 
46 11.846 23.673 14 22.215 25.1 1351 butanoic acid rancid, cheesy MS, 
10
 
51 3.653 25.183 15 25.1 28.145 1303 3-hydroxy-2-butanone buttery MS, 
10
 
78 2.198 34.448 16 28.145 31.308 1499 hydroxybenzaldehyde ND MS, LRI 
81 5.233 35.747 17 31.308 34.554 1437 Hexanoic acid sweaty, cheesy MS, 
10
 
82 3.907 36.497 18 34.554 37.806 1360 Benzyl alcohol ND MS, LRI 
87 9.108 37.627 18 34.554 37.806 1394 Benzeneethanol ND MS, LRI 
107 5.795 42.537 20 41.003 44.092 1350 Octanoic acid sweaty, cheesy MS, LRI, 
10
 
114 4.492 45.733 21 44.092 47.105 1354 Nonanoic acid fatty MS, LRI,  




RT, retention time; LRI, linear retention indices; ND, not determined; 
*
 number of carbons of n-alkane eluting 624 
immediately before chemical compound; °
, ≠
 respectively retention times of the reference n-alkane hydrocarbons 625 
eluting immediately before and after chemical compound; 
§ 
compounds were identified by masse spectra; 626 
 627 
